Introduction {#Sec1}
============

Osteoporosis is an endocrine-metabolic bone disease, characterized by reduced bone mass, strength, and microarchitecture, which increases the propensity of fragility fractures \[[@CR1]\]. The current drug therapy for osteoporosis is mainly based on anti-resorptive drugs, that inhibit osteoclastic bone resorption e.g. bisphosphonates, estrogen agonists/antagonists, and recently, Denosumab (a key osteoclast cytokine, a monoclonal antibody for receptor activator of NF-κB ligand, RANKL) \[[@CR2]\]. On the other hand, less anabolic drugs are available for osteoporosis, except for parathyroid hormone that act to enhance bone formation with an adverse effect of increase bone resorption in long term treatment \[[@CR3], [@CR4]\]. Thus, there is a need for developing new anabolic bone drugs due to their fast action in the treatment of osteoporosis, as well as their potential use for enhancing bone regeneration in cranial, oral, maxillo-facial and long fractured bones.

Bone marrow stromal stem cells (BMSCs, also known as mesenchymal stem cells) are a group of adult non-hematopoietic stem cells that are characterized by owing self-renewal capacity, clonogenicity, and differentiation potential into mesoderm-type cells including osteoblast, adipocyte and chondrocyte \[[@CR5]--[@CR8]\]. Several pre-clinical and clinical studies have shown the bone regenerative capacity of adult BMSCs-based therapy for the treatment of several bone loss disease including osteoporosis and oral, cranial, maxillo-facial and long bone defects \[[@CR9]\]. Thus, identifying factors that acting directly on BMSCs to promote their differentiation into osteoblast cell lineage, will lead to enhance bone formation.

Coumarin derivatives are naturally plant-derived compounds that can be found in many plants, including, citrus fruits, grasses, and legumes \[[@CR10]\]. Coumarins demonstrated a wide variety of pharmacological activities including antibacterial, antifungal, anti-inflammatory, anti-HIV, antioxidant, anticoagulant, and antitumor agents. Due to the biological activities and structure--function relationships, coumarins and their derivatives showed therapeutic potentials for multiple diseases \[[@CR10]--[@CR13]\]**.** In this context, several coumarin derivatives were shown to have bone anabolic effects, including imperatorin and bergapten \[[@CR14]\], Daphnetin \[[@CR15]\], Osthole \[[@CR16]\], Psoralen \[[@CR17]\]. In this report, we have studied the effect of newly extracted phytochemical coumarin derivative, 5′-hydroxy auraptene,\[7-(5-Hydroxy-3,7-dimethylocta-2,6-dienyloxy)-chromen-2-one\], from *Lotus lalambensis* Schweinf on the BMSCs differentiation into osteoblasts. Interestingly, 5′-HA showed to enhance osteoblast differentiation in a dose-dependent manner via BMP2-mediated signaling pathway.

Materials and methods {#Sec2}
=====================

Extraction and purification of 5′-HA {#Sec3}
------------------------------------

### Collection of plant material {#Sec4}

5′-HA was extracted from *Lotus lalambensis* Schweinf. The roots of *Lotus lalambensis* Schweinf were collected from Eastern province, Al-Hassa, Saudi Arabia. Authenticated at Herbarium of Botany Department, Faculty of Science, Cairo University where voucher specimens have been placed.

Extraction and purification {#Sec5}
---------------------------

The extraction was carried out using petroleum ether at room temperature. After evaporation until dryness, the extract was obtained in yields (w/w) of 5, 55. A sample from petroleum ether extract (15.25 g) was applied to a Sephadex LH-20 column equilibrated with: PE:MeOH:CHCl3 (2,1:1). After comparison with TLC five fractions were obtained 1: (0.4076 g), 2: (1.66 g), 3: (4.25 g), 4: (0.734 g), 5: (0.0813) g. Fraction 3 (4 g) was applied to a Sephadex LH-20 column. After comparison with TLC, fractions were combined resulting in five new fractions: 1: 0.0055 g, 2: 0.0661 g, 3: 0.2234 g, 4: 0.5321 g, 5: 0.7221 g. From fractions, 1--5, pure compound **(**85.66 mg) was obtained. The compound was identified as 7-(5-Hydroxy-3,7-dimethylocta-2,6-dienyloxy)-chromen-2-one also known as 5′-Hydroxy Auraptene depending on NMR data (Additional file [1](#MOESM1){ref-type="media"}: Figure S1; Additional file [2](#MOESM2){ref-type="media"}: Figure S2) and IR spectra. IR was analyzed in a FTIR Shimadzu Prestige-21 instrument; NMR spectra were assessed using a Bruker Avance 300 in chloroform solutions with standard Bruker software.

Cell cultures and reagents {#Sec6}
--------------------------

Mouse BMSCs were isolated from 8-weeks-old male C57BL/6 J mice as described previously described \[[@CR18]\]. Bone marrow was flushed out from mouse tibia and femur into Eppendorf tubes, centrifuged for 1 min at 400 g to collect the marrow cells. Cell were then filtrated through a 70-μm nylon mesh filter and cultured in 175 cm2 flasks in basal culture media (BCM) consists of RPMI-1640 medium supplemented with 12% FBS (Gibco Invitrogen, USA), 12 μM L-glutamine (Invitrogen) and 1% penicillin/streptomycin (P/S) (Gibco Invitrogen, USA). After 24 h, non-adherent cells were removed from the cultured medium, washed with PBS, and cultured in 30 ml of fresh medium in 60 cm2. Medium was changed every 3--4 days and cells were washed, trypsinized and regularly sub-cultured.

Human BMSC cells (hBMSCs) were purchased from Cell Applications Inc. (San Diego, CA). Cells were cultured according to the manufacturer's instruction, in Dulbecco's modified Eagle medium (DMEM)/low glucose (Sigma-Aldrich) containing 10% FBS Gibco Invitrogen, USA) and 1% penicillin/streptomycin. Non-adherent cells were removed after 2 days in culture and medium was changed every 2--3 days.

Cell toxicity assay {#Sec7}
-------------------

The toxicity of 5′-HA was determined by MTT assay to using cell proliferation MTT assay kit according to the manufacturer's instructions kit (Sigma-Aldrich). Cells were incubated with MTT solution to metabolize to formazan. Absorbance was measured at a wavelength of 550 nm.

Cell proliferation study {#Sec8}
------------------------

Cell growth was determined in vitro by culturing the cells at 2000 cells/well in 4 well plates in basal culture media (BCM) supplemented with 2% FBS. Cells were trypsinized and counted by the hemocytometer.

Osteoblast differentiation {#Sec9}
--------------------------

Cells were plated at 10 × 10^3^ cells/cm^2^. At 70% confluence, cells were induced to differentiate into osteoblasts osteogenic induction medium (OIM) consists of in α-minimum essential medium (α-MEM; Gibco) supplemented with 10% FBS, 100 U/mL of penicillin, 100 mg/mL of streptomycin, 50 mg/mL of vitamin C (Sigma-Aldrich ApS), and 10 mM β-glycerol-phosphate (Sigma-Aldrich ApS). The medium was changed every third day during the whole differentiation period.

Adipocyte differentiation {#Sec10}
-------------------------

Cells were plated at 15,000 cells/cm2. At 100% confluence, cells were induced in adipogenic-induction medium (AIM) consists of DMEM supplemented with 9% horse serum, 450 μM 1-methyl-3-isobutylxanthine (IBMX), 250 nM dexamethasone, 5 μg/mL insulin (Sigma-Aldrich) and 1 μM rosiglitazone (BRL 49653, Cayman Chemical, Ann Arbor, Michigan). The medium was changed every 3 days during the time course of differentiation.

Alkaline phosphatase (ALP) activity assay {#Sec11}
-----------------------------------------

Cells were cultured in 96 well plate and induced with OIM for 6 days. Cell viability was determined using the CellTiter-Blue® cell viability assay according to the manufacturer's instructions (Promega, USA) at OD 579. ALP activity was determined by incubating the cells with 1 mg/mL of P-nitro phenyl phosphate in 50 mM NAHCO3 and 1 mM MgCl2 buffer (pH 9.6) at 37 °C for 20 min. The reaction was stopped by the addition of 3 M NaOH. The reaction absorbance was measured at 405 nm and ALP activity was represented after normalization to the cell viability and each sample was measured in 6 replicates.

Cytochemical staining {#Sec12}
---------------------

### Alkaline phosphatase staining {#Sec13}

Cells were fixed with acetone/citrate buffer pH 4.2 (1.5:1) for 5 min at room temperature and stained with Napthol-AS-TR-phosphate solution (Sigma-Aldrich ApS) for 1 h at room temperature. Napthol-AS-TR-phosphate solution consists of Napthol-AS-TR-phosphate diluted 1:5 in H2O and Fast Red TR (Sigma-Aldrich ApS) diluted 1:1.2 in 0.1 M Tris buffer, pH 9.0, after which both solutions were mixed 1:1.

### Alizarin red S staining and quantification {#Sec14}

Cells were induced to differentiate into osteoblasts for 10--12 days and fixed with 70% ice-cold ethanol for 1 h at − 20 °C. Alizarin red (40 mM; Sigma-Aldrich ApS) dissolved in distilled water, pH = 4 was used to stain the cells for 10 min at room temperature. The quantification of calcium deposition was evaluated by the elution of AR-S with 10% cetylpyridinium chloride (Sigma-Aldrich ApS) for 1 h at room temperature. The absorbance of the eluted dye was measured at 570 nm.

### Western blot analysis {#Sec15}

Cells were treated according to the experiment conditions and then collected at specific time points, washed in cold PBS buffer and lysed in cell lysis buffer (10 mM Tris--HCl, pH 7.4, 150 mM sodium chloride, 1% NP-40, 0.1% SDS, 1 mM EDTA, 1 mM phenyl-methylsulfonyl fluoride, 1 mM NaF, 1 mM Na3VO4), supplemented with protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany). 20 μg of protein was separated on 8--12% NuPAGE® Novex® Bis-Tris gel systems (Thermo Fisher Scientific, Germany) followed by transfer to PVDF membrane (Millipore, USA). The membrane was blocked and incubated with peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology, Heidelberg Germany). Proteins were visualized by ECL chemiluminescence (Thermo Fisher Scientific, Roskilde, Germany). Antibodies for Smad1/5/8 (total or phosphor) were obtained from Santa Cruz Biotechnology, Inc. (Heidelberg, Germany). Quantification of western blots was performed with ImageJ program.

### RNA extraction and real-time PCR analysis {#Sec16}

RNA was extracted from cultured cells using a single-step method of TRIzol (Thermo Fisher Scientific, Roskilde, Germany). cDNA was synthesized from 1 μg of total RNA using revertAid H minus first strand cDNA synthesis kit (Fermentas, St Leon-Rot, Germany) according to the manufacturer's instructions. Quantitative real time PCR was performed with Applied Biosystems 7500 Real-Time system using Fast SYBR® Green Master Mix (Applied Biosystems, California, USA) with specific primers (Additional file [4](#MOESM4){ref-type="media"}: Table S1). The expression of each target gene was normalization to β-Actin and Hprt mRNA expression as reference genes, using a comparative CT method \[(1/ (2delta-CT) formula, where delta-CT is the difference between CT-target and CT-reference\] with Microsoft Excel 2007® as described \[[@CR19]\].

### PCR Array analysis {#Sec17}

RNA was extracted and cDNA was synthesized as described above. RT^2^ Profiler™ PCR array mouse osteogenesis with 84 genes associated with osteogenic induction (Qiagen GmbH, Germany) was performed for each sample in triplicates using SYBR® Green quantitative PCR method on Applied Biosystems 7500 real-time PCR system and data were analyzed according to the manufacturer's instructions.

### Statistical analysis {#Sec18}

All values are expressed as mean ± SD (standard deviation), of at least 3 independent experiments. Power calculation was performed for 2-samples using unpaired Student's T-test (2-tailed) assuming equal variation in the two groups. Differences were considered statistically significant at \**P* \< 0.05, and \*\**P* \< 0.005.

Results {#Sec19}
=======

5′-HA does not affect cell proliferation of mBMSCs {#Sec20}
--------------------------------------------------

We studied the cytotoxicity of 5′-HA by culturing mBMSCs in the presence of different concentration of 5′-HA (1--100 μM) for 3 days and measure cell viability by MTT assay and Cell Titer-Blue. The results of both assays showed that the toxic effect of 5′-HA on cell viability started at the concentration above 60 μM (Fig. [1](#Fig1){ref-type="fig"}a&b). Thus, we selected the concentrations between 10 and 50 μM to be used in all experiments of this study. We then showed that the treatment of mBMSCs with 5′-HA at concentrations range from 1 to 50 μM did not exert any effect on their cell proliferation (Fig. [1](#Fig1){ref-type="fig"}c) after 5 and 10 days of treatment in culture as assessed by counting of cell number.Fig. 15′-HA promotes the differentiation of mBMSCs into osteogenic cell lineage. Cytotoxicity of 5′-HA on cultured primary mBMSCs as measured by MMT assay (**a**) and Cell Titer-Blue® cell viability assay (**b**) after 3 days in culture. **c** Effect of 5′-HA (1--50 μM) on cell proliferation of cultured mBMSCs as measured by counting the cell number at different concentrations of 5′-HA after 5 and 10 days. **d** Dose-dependent stimulatory effect of 5′-HA on osteoblast differentiation of mBMSCs as measured by quantification of ALP activity after 7 days of induction and (**e**) quantitative Alizarin red staining for matrix mineralization after 12 days of induction. Cells were either cultured without osteogenic induction media (Ctrl, control), or induced to osteogenic lineage in the absence (0) or the presence of different concentrations of 5′-HA. Values were normalized to cell viability and represented as fold change over control non-induced cells. Stained images were shown for both ALP activity and Alizarin red staining. Values are mean ± SD of three independent experiments, (\**p* \< 0.05, \*\**p* \< 0.005 compared to control without 5′-HA for A&B; and compared to induced cells without 5′-HA for **c**&**d**)

5′-HA stimulates osteoblast differentiation of mBMSCs {#Sec21}
-----------------------------------------------------

We examined the effect of 5′-HA on the differentiation of mBMSCs into osteoblastic cell lineage. As shown in Fig. [1](#Fig1){ref-type="fig"}d&e, 5′-HA promoted the differentiation of mBMSCs into osteoblasts in a dose-dependent manner as measured by significant increased ALP activity and Alizarin Red staining for matrix mineralization. In consistent, 5′-HA increased the mRNA expression of early (*Alp, Col1a1, Msx2 and Runx2*) and late (*Ocn* and *Opn*) osteogenic markers (Fig. [2](#Fig2){ref-type="fig"}a). In addition, 5′-HA significantly up-regulated 64.3% (≥2 fold, *p* \< 0.05) of the differentially expressed osteoblastic genes during osteogenesis of mBMSCs versus control cells without 5′-HA treatment as assessed by real time PCR-based osteogenic gene array analysis (Fig. [2](#Fig2){ref-type="fig"}b, Table [1](#Tab1){ref-type="table"}). Interestingly, 22.2% of the up-regulated genes by 5′-HA was related to the activation of BMP-signaling pathway (Fig. [2](#Fig2){ref-type="fig"}b). These data clearly demonstrated the stimulatory effect of 5′-HA on osteogenesis of mBMSCs.Fig. 25′-HA stimulates the mRNA expression of osteogenic markers in mBMSCs. **a** QPCR analysis of osteogenic markers expression in mBMSCs that induced to osteoblast differentiation without (control) or with 50 μM 5′-HA for 7 days. Each target gene was normalized to reference genes as described in M&M and genes were represented as fold changes over induced cells without 5′-HA. **b** Upregulation of different osteogenic-related genes in mBMSCs by 5′-HA (50 μM) as measured by osteogenic RT2 profiler array as described in M&M. Cells were induced to osteogenic lineage in absence or presence of 5′-HA for 7 days. Data were represented as percentage of categorized genes according to Table [1](#Tab1){ref-type="table"}. Values are mean ± SD of three independent experiments, (\**p* \< 0.05, \*\**p* \< 0.005)Table 1Up-regulation of osteogenic genes expression in mBMSCs treated with 50 μM of 5′-HA for 6 days during osteoblast differentiationGene nameGene SymbolFold changeOssification and matrix molecules Alkaline phosphatase, liver/bone/kidney*Alpl*8.3 Bone gamma carboxyglutamate protein*Bglap*6.2 Biglycan*Bgn*4.5 Collagen type I alpha 1*Col1a1*3.2 Collagen type I alpha 2*Col1a2*2.3 Collagen type V alpha 1*Col5a1*2.1 FMS-like tyrosine kinase 1*Flt1* Secreted phosphoprotein 1 (Osteopontin)*Spp1*5.3BMP signaling pathway Bone morphogenetic protein 2*Bmp2*7.5 Bone morphohenitic protein 4*Bmp4*4.2 Bone morphogenetic protein 7*Bmp7*2.7 Bone morphogenetic protein receptor. Type 1A*Bmpr1a*2.1 Bone morphohenitic protein receptor, type 1BBmpr1a3.4 MAD homolog 5 (Drosophila)*Smad5*2.8Cell Adhesion Molecules Fibronectin 1*Fn1*4.3 Integrin beta 1 (fibronectin receptor beta)*Itgb1*3.2 Integrin alpha 2*Itga2*4.2 Integrin alpha 2b*Itga2b*2.9Osteogenic growth factors Fibroblast growth factor receptor 2*Fgfr2*2.8 Insulin-like growth factor 1*Igf1*8.4 Insulin-like growth factor I receptor*Igf1r*4.3 Platelet derived growth factor. Alpha*Pdgfa*3.8 Vascular endothelial growth factor A*Vegfa*4.2Osteogenic transcription factors Distal-less homeobox 5*Dlx5*6.4 Runt related transcription factor 2*Runx2*5.9 Sp7 transcription factor 7*Sp7*4.6 Twist gene homolog 1*Twist1*4.3Cells were induced to differentiate into osteoblast without (control) or with 50 μM 5′-HA for 6 days. Mouse osteogenesis RT^2^ Profiler™ PCR array with 84 osteoblast genes was performed for each cDNA sample using the SYBR® Green quantitative PCR method. Up-regulated genes by BMSCs in the presence of 5′-HA were represented as fold change over control differentiated cells without 5'-HA

5′-HA exerts no effect on the differentiation of mBMSCs into adipocytes {#Sec22}
-----------------------------------------------------------------------

Since osteoblasts and adipocytes in bone marrow are derived from the same mBMSCs \[[@CR6]\], we studied the effect of 5′-HA on the differentiation of mBMSCs into adipocytes. 5′-HA at different concentrations did not affect the adipogenesis of mBMSCs as revealed by quantification of Oil Red O staining for lipid accumulation (Fig. [3](#Fig3){ref-type="fig"}a). In addition, treatment of mBMSCs with 5′-HA significantly did not show any effect on the transcriptional expression of either early (*Pparγ2and C/ebpα*) or late (*aP2, Apm1, Lpl*) adipogenic markers compared to non-treated cells as assessed by real time PCR analysis (Fig. [3](#Fig3){ref-type="fig"}b).Fig. 35′-HA does not affect the adipocyte differentiation of mBMSCs. **a** 5′-HA does not affect adipocyte differentiation of mBMSCs as measured by Oil red O staining and its quantification. Cells were either cultured without adipogenic induction media (Ctrl, control), or induced to adipogenic lineage in the absence (0) or the presence of different concentrations of 5′-HA. Images of Oil red O staining for fat droplets accumulation in differentiated mBMSCs were shown. **b** QPCR analysis of mRNA expression of adipogenic markers at day 12 of the differentiated mBMSCs into adipocyte with or without 5′-HA (50 μM). Each target gene was normalized to reference genes and represented as fold change over induced control (0). Values are mean ± SD of three independent experiments, (\**p* \< 0.05, \*\**p* \< 0.005)

5′-HA stimulates BMP2-induced osteoblast differentiation of mBMSCs {#Sec23}
------------------------------------------------------------------

Based on our finding that, genes related to BMP2-signaling pathway were upregulated by 5′-HA during osteogenesis (Fig. [2](#Fig2){ref-type="fig"}b), we studied the effect of 5′-HA on BMP2-induced osteogenesis in mBMSCs. Thus, cells were induced with BMP2 to differentiate into osteoblast in the absence or the presence of different concentrations of 5′-HA. As shown in Fig. [4](#Fig4){ref-type="fig"}a&b, 5′-HA showed to stimulate BMP2-induced ALP activity and matrix mineralization in dose-dependent manner as compared to BMP2-treated cells without 5′-HA. In addition, real time PCR analysis revealed the dose-dependent stimulatory effect of 5′-HA on the expression of downstream targets of BMPs signaling (*Ocn, Dlk5* and *Msx2*) as assessed by qPCR (Fig. [4](#Fig4){ref-type="fig"}c).Fig. 45′-HA stimulates BMP-induced osteoblast differentiation. **a** Dose-dependent stimulatory effect of 5′-HA on BMP2-induced osteoblast differentiation of mBMSCs as assessed by quantification of ALP activity after 7 days of induction and (**b**) quantitative Alizarin red staining for matrix mineralization after 12 days of induction. Cells were induced to osteoblast differentiation using BMP2 (50 ng/ml) in the absence (0) or the presence of different concentrations of 5′-HA. Representative images were shown for Alizarin Red staining. **c** 5′-HA stimulates the expression of BMP2-related osteogenic markers in a dose-dependent manner as measured by qPCR analysis. Each target gene was normalized to reference genes and represented as fold change over induced control (0) without 5′-HA. Values are mean ± SD of three independent experiments, (\**p* \< 0.05, \*\**p* \< 0.005 compared to control induced cells without 5′-HA)

5′-HA stimulates osteoblast differentiation of mBMSCs in BMP signaling dependent mechanism via upregulating SMAD4 expression {#Sec24}
----------------------------------------------------------------------------------------------------------------------------

To examine whether BMP-signaling is involved in mediating the stimulatory effect of 5′-HA on osteogenesis in mBMSCs, we further examined the effect of 5′-HA on the activation of BMP2 signaling in mBMSCs. Treatment of mBMSCs with 5′-HA displayed significant activation of Smad 1/5/8 phosphorylation as shown by Western blot analysis (Fig. [5](#Fig5){ref-type="fig"}a). In support to this finding, inhibition of the BMP2 signaling using LDN-193189, a specific BMP1R inhibitor, showed to abolish the stimulatory effect of 5′-HA on Smad1/5/8 phosphorylation (Fig. [5](#Fig5){ref-type="fig"}b). Interestingly, treatment of mBMSCs with LDN-193189 inhibitor in the presence of 5′-HA showed to significantly attenuate the stimulatory effect of 5′-HA on osteogenesis of mBMSCs as assessed by reduced ALP activity with 74.8% as compared to mBMSCs without LDN-193189 (Fig. [5](#Fig5){ref-type="fig"}c).Fig. 55′-HA stimulates the differentiation of mBMSCs into osteobalst via activating BMP signaling pathway. **a** Western blot analysis of stimulating the phosphorylation of Smad1/5/8 in mBMSCs by 5′-HA (50 μM) versus control. **b** Western blot analysis of inhibiting BMP signaling pathway by specific BMP1R inhibitor, (LDN-193189, 10 μM) in absence and presence of 5′-HA. **c** Inhibitory effect of BMP1R inhibitor (LDN-193189, 10 μM) on the stimulatory effect of 5′-HA (50 μM) on BMP2-induced osteogenesis in mBMSCs as measured by quantitative ALP activity. **d** Dose-dependent stimulatory effect of 5′-HA on *Smad4* mRNA expression and (**e**) SMAD4 protein expression in BMP2-treated mBMSCs as measured by qPCR and Western blot analysis. Cells were induced with BMP2 in the absence (0) or the presence of 5′-HA (different concentrations) for 24 h. Each target gene was normalized to reference genes and represented as fold change over induced control (0) without 5′-HA. Values are mean ± SD of three independent experiments, (\*\**p* \< 0.005)

To determine the mechanism underlying the stimulatory effect of 5′-HA on BMP signaling, we studied the effect of 5′-HA on the mRNA expression of several BMPs antagonists and *Smad4* as a crucial downstream molecule of BMP signaling. 5′-HA did not exert any effect on the transcription of BMPs antagonists including SMAD1/5 E3 ubiquitin protein ligase, *Smurf1/2*, Noggin, Gremlin1/2, Chordin as revealed by qPCR analysis of gene expression (Additional file [3](#MOESM3){ref-type="media"}: Figure S3 A). Interestingly, treatment of mBMSCs with 5′-HA in the presence of BMP2 showed to increase *Smad4* mRNA expression by 110% as compared to non-treated cells (Additional file [3](#MOESM3){ref-type="media"}: Figure S3 B). In addition, 5′-HA upregulated *Smad4* expression at both mRNA and protein levels in dose-dependent manner as assessed by qPCR and Western blot analysis in dose dependent-manner (Fig. [5](#Fig5){ref-type="fig"}d&e).

5′-HA promotes BMP2-induced osteoblast differentiation of human BMSCs {#Sec25}
---------------------------------------------------------------------

We further examined the effect of 5′-HA on promoting BMP2-induced osteogenesis in human (h) BMSCs. Interestingly, 5′-HA showed to promote BMP2-induced osteoblast differentiation of hBMSCs in dose-dependent manner as assessed by significant stimulation of ALP activity and Alizarin red staining for matrix mineralization compared to non-treated cells with 5′-HA (Fig. [6](#Fig6){ref-type="fig"} a&b).Fig. 65′-HA promotes BMP-induced osteoblast differentiation of hBMSCs. **a** Dose-dependent stimulatory effect of 5′-HA on BMP2-induced osteoblast differentiation in hBMSCs as assessed by quantification of ALP activity and (**b**) quantitative Alizarin red staining for matrix mineralization. Cells were induced to osteoblast differentiation using BMP2 (100 ng/ml) in the absence (0) or the presence of different concentrations of 5′-HA for either 7 days (ALP activity) or 12 days (Alizarin Red staining). Representative images of ALP and Alizarin red staining were shown under each corresponding graph. **c** Mode of action of 5′-HA on promoting osteogenesis in BMP-signaling dependent mechanism. Values are mean ± SD of three independent experiments, (\**p* \< 0.05, \*\**p* \< 0.005 compared to BMP2-treated cells without 5′-HA)

Discussion {#Sec26}
==========

This is the first report to study the effect of 5′-HA, a coumarin derivative newly isolated from *Lotus lalambensis* Schweinf on the differentiation of mBMSCs into osteoblasts and adipocytes. Our data demonstrated the specific stimulatory effect of 5′-HA on the differentiation of mBMSCs into osteogenic cell lineage without affecting their differentiation into adipocytic lineage. In addition, 5′-HA-induced osteogenesis was found to be mediated in BMP signaling-dependent mechanism.

Our data demonstrated that 5′-HA stimulated ALP activity and matrix mineralization of mBMSCs in a dose-dependent manner. This finding was supported by showing that the treatment of mBMSCs with 5′-HA significantly up-regulated the two main osteogenic transcription factors *Runx2* and *Msx2* and other related osteogenic markers. In consistent, several coumarin derivatives were reported to exert stimulatory effect on osteogenesis of osteoblastic cells as well as BMSCs. These include, Imperatorin and Bergapten, two furanocoumarins, which showed to enhance the osteogenesis of primary rat osteoblasts \[[@CR14]\]. Osthole, a naturally-derived coumarin was reported to promote osteoblast differentiation of primary mouse calvarial pre-osteoblast cells, MC3T3-E1 cell line and osteoblast-like UMR106 cells \[[@CR16], [@CR20], [@CR21]\] and Psoralen, extracted from Chinese herbs was reported to stimulate osteogenesis of primary mouse calvarial osteoblasts in dose-dependent manner \[[@CR22]\]. Furthermore, recently, Isopsoralen, a natural compound belongs to angular furanocoumarins was reported to stimulate the differentiation of BMSCs into osteoblasts \[[@CR23]\].

In our study, 5′-HA did not exert any action on the differentiation of mBMSCs into adipocytes, as revealed by the absence of any effects on either lipid accumulation measured by Oil red O staining or gene expression of early and late adipogenic markers. This finding suggests the specificity of 5′-HA in directing the differentiation fate of mBMSCs into osteoblastic lineage only without affecting their differentiation into adipocytic lineage. In this context, the effect of coumarin derivatives on adipogenesis was found to be contradictory in literatures. Several reports demonstrated the function of coumarin derivatives as ligand for PPARs, a ligand-activated transcription factors that regulate lipid metabolism \[[@CR24]\]. For examples, Osthole and citrus Auraptene showed to induced adipogenesis in association with activating both PPARα and PPARγ in a dose-dependent manner \[[@CR25], [@CR26]\]. Further, Aculeatin was reported to stimulate both adipogenesis and lipolysis of 3T3L1 cell line \[[@CR27]\]. On the other hand, other reports showed the ability of coumarin derivatives including Pteryxin, Scoparone, and esculetin to suppress the adipocyte differentiation of 3T3L1 via antagonizing PPARγ-dependent pathway \[[@CR28]--[@CR30]\]. In addition, Bergamottin showed to inhibit adipogenesis in vitro (in 3 T3-L1 cell line) and in vivo (in high fat mice model) \[[@CR31]\] and Isopsoralen was reported to attenuate the adipogenesis of BMSCs in vitro and in vivo \[[@CR23]\].

Our data, demonstrated the stimulatory effect of 5′-HA on BMP-induced osteogenesis via activation of Smad1/5/8 phosphorylation and increased expression of its downstream osteogenic target genes *Msx2, Osn* and *Dlx5* in a dose-dependent manner. Moreover, blocking of BMP signaling by specific BMP1R inhibitor, significantly abolished the stimulatory effect of 5′- HA on osteogenesis of mBMSCs. BMPs play a pivotal role in bone formation and remodeling. Binding of BMPs to its receptors resulted in activation of Smad1/5/8 phosphorylation which in turn binds to SMAD4 and translocates into the nucleus to up-regulate the expression of bone-related genes including *Col1a1, Alp, Oc, Dlx5* and *Msx2* \[[@CR32]--[@CR34]\]. In this context, we showed that the regulatory effect of 5′-HA on BMP-induced osteogenesis is mediated via upregulating *Smad4* expression. Several studies demonstrated the crucial role of SMAD4 in bone development and homeostasis by mediating both BMPs and TGF-βs signals. Deletion of *Smad4* in osteoblasts showed to inhibit BMP-induced osteogenesis in vitro \[[@CR35]\] and to decrease osteoblast proliferation/differentiation and reduce bone mass in vivo \[[@CR36], [@CR37]\]. In consistent with our finding, two other coumarin derivatives were reported to mediate its biological function by regulating SMAD4 expression. For example, Osthole, showed to inhibit collagen I and III expressions in TGF-β1 treated mouse cardiac fibroblasts (CFs) by modulating *Smad4* expression \[[@CR38]\] and Bergapten was reported to deplete estrogen receptor in breast cancer cells in respond to TGF β 1 by regulating *Smad4* expression \[[@CR39]\].

Interestingly, BMP signaling was reported to mediate the stimulatory effect of some coumarin derivatives on osteogenesis. These include, Psoralen and Osthole, that induced osteoblast differentiation in BMP-2 and BMP-4 dependent mechanism \[[@CR22]\] and in canonical β-catenin/BMP2-dependent mechanism \[[@CR40]\] respectively.

On the other hand, other signaling pathways have also been reported to mediate the regulatory mechanism of coumarin derivatives-induced osteogenesis. For examples, activation of cAMP response element-binding protein signaling \[[@CR16]\], and p38 and ERK-dependent signaling \[[@CR14]\] were reported to mediate the effect of Osthole and imperatorin on osteogenesis respectively. Thus, it is plausible that other signaling mechanisms could also contributed in mediating the stimulatory effect of 5′-HA on osteogenesis.

In conclusion {#Sec27}
=============

Our study identified 5′-HA, naturally-derived coumarin derivative as a novel osteoanabolic compound that function specifically to promote the differentiation of mBMSCs into osteoblasts without affecting their differentiation into adipocytes. The stimulatory effect of 5′-HA on osteogenesis was found to be mediated in BMP-signaling dependent mechanism via activating the Smad1/5/8 phosphorylation and upregulating the *Smad4* expression (Fig. [6](#Fig6){ref-type="fig"}c). Finally, blocking of BMP signaling pathway showed to attenuate 5′-HA-induced osteogenesis. Thus, our data provide 5′-HA as a promising drug for treatment of osteoporosis.

Additional files
================

 {#Sec28}

Additional file 1:**Figure S1.** NMR spectrum of 5′-hydroxy-aurapten. (A) 1H NMR spectrum of 5′-hydroxy-aurapten (400 MHz, CDCl3). (B) ^1^H and ^13^C NMR spectral data of5′-hydroxy-aurapten in CDCl3. (PDF 316 kb) Additional file 2:**Figure S2.** Chemical Structure of 5′-Hydroxy Auraptene. Chemical structure of isolated and purified 7-(5-Hydroxy-3,7-dimethylocta-2,6-dienyloxy)-chromen-2-one. (PDF 201 kb) Additional file 3:**Figure S2.** Effect of 5′-HA on gene expression of BMPs antagonists and Smad4. (A) 5′-HA did not affect the mRNA expression of BMPs antagonists including *Smurf1/2*, *Nog*, *Gremlin1/2* and *Chrd*, while (B) stimulating the transcription of *Smad4* gene as measured by qPCR analysis. (PDF 467 kb) Additional file 4:**Table S1.** List of primers used for qPCR. List of primer sequences used for qPCR. (PDF 244 kb)

5′-HA

:   5-hydroxy aurapten

AIM

:   Adipogenic-induction medium

ALP

:   Alkaline phosphatase

aP2

:   Adipocyte lipid-binding protein 2

APM1

:   Adiponectin

BCM

:   Basal culture media

BMP

:   Bone morphogenetic protein

C/EBP-α

:   CCAAT/enhancer-binding protein alpha

Col1a1

:   Collagen type 1

Dlx5

:   Distal-Less Homeobox 5

LPL

:   Lipoprotein lipase

mBMSCs

:   Mouse bone marrow-derived mesenchymal (skeletal) stem cells

MSX2

:   Homeobox Protein MSX-2

OCN

:   Osteocalcin

OIM

:   Osteogenic-induction medium

OPN

:   Osteopontin

PPARγ2

:   Peroxisome proliferator-activated receptor gamma 2

QPCR

:   Quantitative real-time PCR

Runx2

:   Runt-related transcription factor 2
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